A microarray containing PCR products from a large number of candidate genes in insecticide resistance was constructed. A total of 646 genes putatively involved in insecticide resistance and positive control genes were obtained from six insect species, Apis cerana, Blattella germanica, Spodoptera exigua, Musca domestica, Nilaparrata lugens and Culex pipiens. These genes represent cytochrome P450, ion channel, protective enzyme and other genes, which may play important roles in insecticide resistance. The optical microarray printing concentration (250 ng/ml) was determined using gradient concentration hybridization assay. The DNA microarray was then constructed with all target genes. A PCR probe composed of 18 target genes was prepared to validate the hybridization specificity of the microarray. The positive rate of this validation test was 83.3%. In addition, analysis of differential gene expression between susceptible and multi-resistant (cypermethrin and malathion) strains of M. domestica showed that 17 genes were over-expressed in the resistant strain. The results imply that cytochrome P450 genes, especially the genes of CYP4 and 6 families, play important roles in the resistance of M. domestica to both insecticides. The 17 genes validated by using qRT-PCR were found to have a similar tendency, mostly compared with using a microarray, indicating that this microarray is suitable for studying insecticide resistance.
Introduction
The future application of chemical approaches for crop protection and the ensuing public health concerns are now open to serious debate due to the rapid increase in insecticide resistance among pests. More than 500 species of insects and mites are reported to have developed resistance to about 300 kinds of insecticides. 1) In some areas, resistance to insecticide of many agricultural pests and disease vectors has led to the diminishing efficiency of chemical control approaches. Meanwhile, there are fewer new insecticides being introduced into the market due to the high costs associated with research, development and registration. The pesticide industry, government agencies, farmers and scientists have expressed their concern about insecticide resistance.
Several studies indicate that insect resistance to insecticides is related to the change of structure or expression levels of many genes. [2] [3] [4] However, most studies focused on a single insecticide resistance-associated gene at a time because of technological limitations, making it difficult for us to clearly decipher the molecular mechanisms of resistance. Microarray is a revolutionary new biotechnological tool that facilitates the analysis of hundreds to thousands of genes involved in the regulation of complex biological processes. 5) Several studies have applied microarrays in research on insecticide resistance; however, most of these studies focused on the differential expression of cytochrome P450 genes and could be used in only one insect species. [6] [7] [8] We report here a microarray constructed using genes from six important insect species belonging to several resistance-associated gene types, and propose that this microarray is applicable as a universal tool for detecting changes of insecticide resistance-associated genes in insects.
Spodoptera exigua (Lepidoptera), Musca domestica (Diptera), Nilaparrata lugens (Homoptera), and Culex pipiens (Diptera) were selected for the amplification of insecticide resistanceassociated genes. Among them, B. germanica, S. exigua, M. domestica, and C. pipiens were provided by the Urban Entomology Research Center of Zhejiang University. A. cerana was obtained from the Institute of Insect Sciences of Zhejiang University and N. lugens was from China National Rice Research Institute. A susceptible strain of M. domestica and that resistant to both cypermethrin (334 times) and malathion (24.6 times) were used for microarray analysis of differential expression.
Gene selection and primer design
Based on the function in insecticide resistance, 2761 DNA sequences of insects were downloaded for primer design from gene databases, NCBI and EBI. These sequences belong to 41 kinds of genes, including 28 cytochrome P450 genes, 4 ion channel genes (K ϩ channel, Ca 2ϩ channel, Na ϩ channel, and Cl Ϫ channel), 2 protective enzyme genes (peroxidase, superoxide dismutase), 4 target site genes [juvenile hormone esterase (JHE), acetylcholinesterase (AChE), acetylcholine receptor (AChR), and gamma-aminobutyric-acid A receptor (GABAR)], and 3 other resistance-associated genes [heat shock protein (HSP), cytochrome oxidase and mucin]. These genes involve the most insecticide resistance-associated genes of insects reported so far. 4, 9) Additionally, positive and negative controls were determined according to the following references: a house-keeping gene (b-actin) was selected as a positive control of microarray hybridization 7, 10, 11) and a partial sequence of pUC-18 plasmid was used as a negative control. 11, 12) A set of 58 pairs of primers was obtained because more than one pair primer was designed for several kinds of genes, and 39 pairs of primers, which would be used for the amplification of 31 kinds of insecticide resistance-associated genes, were designed based on the alignment results of downloaded sequences using Lasergene sequence analysis software (DNASTAR). The alignment results of other kinds of gene sequences were unusable and their primers could not be designed by the same method; thus, a Consensus Degenerate Hybrid Oligo Primer (CODEHOP) strategy 13) was adopted for them. Nineteen pairs of CODEHOP primers were acquired according to the protein sequence motifs of the 11 kinds of resistance-associated genes on the Blocks WWW Server (http://blocks.fhcrc.org/). Details of primer sequences used in this study are shown in Table 1 . All primers were synthesized by the Bioasia Biologic Technology Company (Shanghai, China).
Cloning, sequencing and analysis of target genes
Total RNA was extracted from A. cerana, B. germanica, S. exigua, N. lugens, C. pipiens, and M. domestica using TRIZOL reagent (Life Technologies). The quality of RNA was measured by electrophoresis and spectrophotometer (NanoDrop Technologies). With the acquired RNA, cDNA was synthesized using Superscript II reverse transcriptase (Invitrogen). The synthesized primers were used to amplify target genes by PCR from cDNA templates. For genes that could not be amplified from cDNA, an additional PCR reaction was carried out with the corresponding genome DNA extracted according to Y. F. Tian. 14) PCR products were then purified and cloned with the pGEM-T Easy Vector system (Promega).
The plasmid of the positive clone was extracted with the alkaline cracking process. 15) With the M13/pUC sequencing primer (5Ј-CGCCAGGGTTTTCCCAGTCACGAC-3Ј), clones were sequenced using a Megabase 1000 DNA sequencer (Amersham). The nucleotide sequences were compared to the sequence databases of GenBank using the BLAST program on the NCBI BLAST server (http:// www.ncbi.nlm.nih.gov/BLAST/). Only those clones confirmed by BLAST were considered to be target genes. As the PCR primers of cytochrome P450 genes were designed for their corresponding P450 subfamilies, more than one target gene fragment was obtained for most P450 primers: 646 target gene fragments were obtained.
Microarray printing
Two kinds of microarrays were prepared: one was used to determine the optimal printing concentration and the other was prepared for differential expression analysis. For the first kind of microarray, the PCR product of a positive control (M. domestica b-actin gene) was diluted to 50, 100, 150, 200, and 300 ng/ml in printing buffer [50% dimethyl sulfoxide (DMSO)/50% H 2 O], and then the diluted products were spotted onto FMB slides (Full Moon BioSystems) using a robotic spotting system (GeneMachines). Each spot, with a diameter of 100 mm, was duplicated and used to determine the best printing concentration for the other microarrays.
After validating the concentration, all PCR products amplified from cDNA clones and controls were purified and normalized to the optical concentration in printing buffer. The products were spotted onto the slides in the same way. Eight identical 15ϫ12 sub-grids were spaced 1.65 mm apart along the X-axis and 0.9 mm along the Y-axis on the array. The space between two spots was 250 mm. Control spots were distributed throughout the array for quality control. The printed slides were subjected to cross-linking (Amersham) at 400 mJ/cm 2 after spotting. min; and a cycle of 72°C for 10 min). Subsequently, the labeling reaction products were purified with the CyScribe GFX Purification Kit (Amersham) separately and the recovered probes were quantified using a spectrophotometer; the probes were more than 100 bp length. These probes were used for hybridization with the first kind of microarray, from which the optimal printing concentration was determined.
Preparation of probes

Preparation of PCR probe for validation of hybridizing specificity
Eighteen target genes were selected randomly from the gene library spotted onto the slides as templates for the PCR probe ( Table 2 ). All 18 DNA fragments and their corresponding primers were mixed with Cy3-dCTP cyanine dye (Amersham) and amplified under the same conditions as described above. The product was purified and quantified. Vol. 32, No. 1, 32-41 (2007) A DNA microarray for insecticide resistance analysis 35 
Preparation of cDNA probe
Total RNA was extracted from resistant and susceptible strains of M. domestica by the previously described method and then checked by electrophoresis and spectrophotometry. Using 2 mg total RNA as the template for each sample, cDNA was reverse transcribed with Superscript II reverse transcriptase. Subsequently, second-strand cDNA was synthesized using DNA polymerase mix (Amersham) and recovered with the QIAquick PCR Purification Kit (Qiagen). With the purified double-strand cDNA, in vitro transcription (IVT) was performed using the T7 enzyme mix (Amersham) for 14 hr at 37°C. The IVT reaction product was purified using an RNeasy Mini Kit (Qiagen) and the recovered cRNA was measured by spectrophotometry. Cyanine dye (Cy3-dCTP for the resistant strain and Cy5-dCTP for the susceptible strain) was directly incorporated into cDNA synthesized from cRNA obtained with Superscript II reverse transcriptase. Unlabeled RNA was removed by digestion with 2.5 M NaOH at 37°C for 15 min. The labeled samples were purified separately and quantified by spectrophotometry.
Microarray hybridization and post-hybridization processing
The probes were first denatured at 94°C for 3 min, bathed in ice water immediately, and then mixed with hybridization buffer (Amersham) before being applied to the corresponding microarrays. A coverslip was placed on the hybridization mixture, placed in a chamber with 2ϫSSC (0.3 M NaCl, 0.03 M sodium citrate) and then the chamber was transferred into a hybridization incubator (Techne). The hybridization reaction was performed at 42°C for 16 hr. The coverslip was later removed after submerging the slide in a plastic tube containing 1ϫSSC/0.2% sodium dodecylsulfate (SDS) at 55°C. The slide was washed in 1ϫSSC/0.2% SDS for 10 min and then in 0.1ϫSSC/0.2% SDS (two times for 10 min each) at 55°C, with occasional swirling. The slide was washed further with 0.1ϫSSC (two times for 5 min each) and with H 2 O for 1-2 min at room temperature. Excess liquid was quickly removed from the slide surface by centrifugation in a dry tube for 5 min at 1500 rpm.
Data acquisition, normalization and analysis
Microarrys were scanned at 5 mm resolution with a GenePix 4100A microarray scanner (Axon Instruments). Arrays were visually examined and spots with irregular morphology were excluded from data analysis. Signal values of more than 100 were selected as suitable data. Further analysis, including data normalization, was performed with GenePix Pro 5.0 and Acuity 4.0 software (Axon Instruments). Arbitrarily, only genes for which the ratios of a signal value between two samples were more than 2 or less than 0.5 could be considered as differentially expressing genes. 16, 17) 
qRT-PCR validation
Quantitative real-time PCR (qRT-PCR) of selected genes was used to validate the expression profile observed in microarray analyses. qRT-PCR was performed using the same total RNA sample as was used in microarray analysis to ensure that the results from the two technologies could be compared directly. Primer pairs for each selected gene were designed from clone 36 M. Ding et al.
Journal of Pesticide Science sequences using Lasergene sequence analysis software as described above (Table 3) . Measurements were performed using an iQ SYBR Green Supermix real-time PCR kit (Bio-rad) in an iCycler iQ real-time PCR Detection System (Bio-rad). Briefly, a constant amount of cDNA (derived from 100 ng of total RNA) was used for each qRT-PCR measurement. The relative kinetic method was applied using a standard curve. The latter was constructed with 10-fold serial dilutions of recombinant plasmid DNA containing target fragments. The thermal cycling conditions comprised an initial predenaturation step for 3 min, followed by denaturation for 40 sec, renaturation for 40 sec, and extension for 40 sec. After completion of 40 such cycles, melting curve analysis was performed with three technical replicates for each data point.
Results
Determination of optimal printing concentration
Cy-dye labeled M. domestica b-actin gene probes were hybridized to the microarray. The hybridization signal values of the gradient-diluted target genes were acquired, and the relativity between concentrations and signal values was analyzed (Fig. 1) . The ratio between signals generated by Cy3-and Cy5-labeled probes was calculated ( Table 4) . The hybridization signal values of target genes were positively linearly correlated with printing concentrations within the ranges of 50-200 ng/ml (Fig. 1) , with a linear coefficient of 0.9662. However, the signal value of 300 ng/ml target gene was nearly 2 times the value of 200 ng/ml, indicating no linear relativity between the printing concentration and hybridization signal value when the concentration was more than 300 ng/ml. In addition, the signal ratios of Cy3-and Cy5-labeled probes in five printing concentrations were all close to 1 (Table 4) , which is an academic ratio because the quantity of Cy3-and Cy5-labeled probes was equal. These results imply that the optimal printing concentration is 200-250 ng/ml. 250 ng/ml was selected as the printing concentration for other microarray preparations.
Validation of microarray hybridizing specificity
All 18 selected target gene fragments labeled with Cy3 dye hybridized to the corresponding spots on the microarray (36 spots, including 18 duplicate spots). The hybridization signals of these spots were very strong, with an average value of "F532 mean-B532" (background corrected mean Cy3 intensity) of 1240.15 when the PMT gain of the microarray scanner was set as 600.
Other than these target spot pairs, 6 other non-target spot pairs (corresponding to 6 genes) hybridized to the probes on the microarray. The sequence similarities of these 6 genes to the 18 selected genes were analyzed using Lasergene software. According to the homologous value, (the index of similarity to any one of the 18 target genes), these 6 genes were divided into two groups (Table 5) : the first group included 2 non-target genes (N01 and N02) with a similarity index of more than 80; the second group included 4 non-target genes (N03-N06) with a similarity index of less than 50. The ratios of signals between the non-target gene and its corresponding homologous target gene were also estimated.
Because of the high similarity of the two genes (N01 and N02) to target genes, their hybridization results were considered credible. The other four spot pairs with a low similarity index were considered false-positive spots; nevertheless, their hybridization signals were very weak. Compared with the corresponding homologous target genes, their signal values were only 0.098-0.15 times the values of the former. Furthermore, the average value of these 4 false-positive genes was only 0.21 times the average value of the other 20 positive genes (including the two belonging to the first group); however, the positive rate of this validating test was 83.3%, which is considered interpretable.
Microarray analysis of resistant and susceptible M. domestica
The results of hybridization yielded scatter plots (Fig. 2) . Analysis revealed that 17 insecticide resistance-associated genes were over-expressed in resistant M. domestica. These over-expressed genes included 14 cytochrome P450 genes (the number of genes belonging to CYP4, 6, 9, and 28 fami- lies was 5, 4, 3, and 2), 1 protective enzyme gene (superoxide dismutase gene), and 2 other resistance-associated genes (cytochrome oxidase subunit I and subunit II genes). The overexpression folds of these genes in the resistant strain compared with the susceptible strain were 2.86-29.41 (Table 6) . Noticeably, CYP4D2-like, CYP4D2v1-like and CYP4G13v2 genes were greatly over-expressed (29.41, 11.36, and 18.87) in the resistant strain. In addition, the over-expression fold of cytochrome oxidase subunit II was also more than 10 (11.11).
No gene of M. domestica on the microarray was found to be down-expressed in the resistant strain. These results show that the over-expression of these genes, especially P450 genes, is associated with resistance to both cypermethrin and malathion in M. domestica.
qRT-PCR validation of array analysis
Most genes chosen for qRT-PCR examination demonstrated a mean degree of regulation of at least 2.0-fold in M. domestica by array analysis ( Table 6 ). The genes chosen for qRT-PCR investigation included 14 cytochrome P450 genes, 1 protective enzyme gene (superoxide dismutase gene), and 2 other resistance-associated genes (cytochrome oxidase subunit I and subunit II genes). Following qRT-PCR analysis, the mean quantitative degree of fold regulation for most genes tested was found to be similar compared with the microarray (Table  6 ). Among them, 16 genes were more than the mean degree of 2.0-fold regulation and only the CYP28B1 gene varied slightly and was lower than the microarray. However, these results were consistent with the validating results of microarray hybridizing specificity and proved that the microarray results are reliable.
Discussion
There has been a rapid increase in the use of microarrays to identify candidate genes of interest to humans, animals, plants and insects. 18) Large-scale insect microarrays derived from unknown targets (cDNA libraries) have been developed, 19, 20) which provide a tool to investigate genes that are either not well characterized or not obvious candidate genes. However, small, focused microarrays (annotated gene DNA microarray) have a unique advantage in that only genes relevant to the biological process of interest are present, making it easy to analyze the data.
11) Some insecticide resistance-specific microarrays have been constructed, most of which contain only partial resistance-associated genes, mostly of cytochrome P450. 6, 7) For these microarrays, it is difficult to analyze the resistanceassociated gene profile across-the-board. Nevertheless, our microarrays contain most resistance-associated genes besides P450, which makes it possible to analyze several resistanceassociated genes simultaneously. Moreover, the genes on our microarray came from six insect species; therefore, these insects could be studied with only one kind of microarray, thus reducing costs. In addition, these six insect species belonged to five important insect orders, and therefore we can detect the differential gene expression in other closely related species with this microarray. 11) In this way, the application range of the microarray can be extended.
The optical printing concentration for our microarray was determined to be 250 ng/ml. This holds true only on this kind of microarray, prepared with FMB slides, because there could probably be special optical concentrations for different slides. 21, 22) Significantly, the hybridization signal values were linearly correlated with the printing concentrations within a definite range, which meant that the signal values are linearly correlated with the quantity of the target gene within that range. This provides the possibility of detecting the absolute number of a specific gene copy in a sample using the microarray as follows: First, a standard calibration curve of signal values and the quantity of the target gene is acquired using the gradient concentration assay, and then the signal value of the corresponding gene, as obtained by microarray hybridization, is converted into a specific quantity. Ultimately, the absolute number of target gene copies is determined.
One important aspect in microarray studies is determining how to verify the validity of a microarray. In this study, 18 target DNA fragments were randomly selected from the gene Vol. 32, No. 1, 32-41 (2007) A DNA microarray for insecticide resistance analysis 39 All 18 spot pairs corresponding to the selected DNA fragments hybridized to the probes, representing a hybrid rate of 100%. Interestingly, there were remarkable differences in signal values of the 18 target genes. The relationship between signal values (F532 mean-B532) and GC-contents of the target genes indicate that hybridization signal values change with the number of GϩC bases (Fig. 3) . The more GϩC bases in the gene sequence, the higher the signal value acquired. This is due to the dye labeling method in which Cy3-dCTP was used as the fluorescence dye, leading to a high signal value for DNA fragments with high GC content.
Two non-target genes that were highly homologous to two of the selected 18 genes were also detected with a high signal value (Table 5 ). In fact, these 4 DNA fragments belong to 2 genes (CYP4 and JHE gene) and they came from different insects. These two non-target genes were considered to be replicates of the corresponding target genes and their hybridization results were available. Hybridization signal values were very low for the other 4 detected non-target genes that were considered as positive spots, as compared with the target genes. False-positive spots are common in microarray experiments and it is difficult to avoid non-specific hybridization completely because of the limitation of this technology. 24) Moreover, the signal values of the 4 corresponding target genes, M11, M18, M03, and M15, were so high that the values of these 4 false-positive spots were greater than the threshold of the usable signal value despite the low signal ratio between the false-positive spots and their corresponding target spots (Fig. 3) .
Microarray and qRT-PCR analysis of susceptible and resistant strains of M. domestica shows that cytochrome P450 genes are involved in insecticide resistance of M. domestica. The results indicate that 14 P450 genes were over-expressed in the resistant strain (Table 6 ). Cytochrome P450-dependent monooxygenase-mediated metabolism is a common mechanism by which insects become resistant to natural plant toxins and synthetic pesticides. [25] [26] [27] Biochemical assay demonstrated that cytochrome P450 monooxygenase activity was elevated in a multi-resistant (to carbamate, organophosphate and pyrethroid) population of Heliothis virescens Fabricius when compared with the susceptible strain. 28) Our results concur with these observations.
At the molecular level, the CYP4 and CYP6 gene families were considered the most important genes conferring insecticide resistance to insects. Analysis of P450 microarray revealed that 6 genes belonging to the CYP4 family were overexpressed in the deltamethrin-resistant strain of C. pipiens. 7) N. N. Liu and J. G. Scott found that one P450 gene, CYP6D1, caused resistance to pyrethroid in M. domestica and was expressed at levels 9-fold higher in the resistant that the susceptible strain. 29) G. Le Goff et al. and P. Daborn et al. demonstrated that over-expression of a P450 gene belonging to the CYP6 family conferred resistance to DDT in Drosophila. 6, 30) These conclusions correlate well with our results. Among 14 over-expressed P450 genes in our experiment, 9 belonged to CYP4 and 6 families. Furthermore, the folds of over-expression of 3 CYP4 genes and 2 CYP6 genes, CYP4D2-like, 4D2v1-like, 4G13v2, 6D1v1, and 6D3v1, were more than 8, remarkably higher than other P450 genes. Taken together, these results indicate that CYP4 and CYP6 gene families play very important roles in multi-resistance to both cypermethrin and malathion in M. domestica.
Other target genes, including superoxide dismutase and cytochrome oxidase genes, were up-regulated in the resistant M. domestica. It has been established that these genes play a role in resistance to some chemicals and other adverse factors. Superoxide dismutase for example, protected organisms from oxidative damage caused by pesticides. 31, 32) In addition, it was reported that a cytochrome oxidase gene was overexpressed in insecticide-resistant B. germanica. 33) Our results were consistent with the above-mentioned observations.
It is important to confirm microarray data by another method. Here, real-time PCR analysis of cDNA transcripts confirmed the microarray data. As is known, it is difficult for microarrays to avoid non-specific hybridization completely because of limitations of the technology 24) ; however, the genes validated using qRT-PCR were found to have a similar tendency, mostly compared with microarray. The results proved that the microarray data were accurate, and that the microarray constructed in this study was a powerful tool for studying insecticide resistance and may facilitate understanding of the mechanism of insecticide resistance. Journal of Pesticide Science 
